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Abstract: Biological degradation of terrestrially derived macromolecules including lignin and cellulose 
has been shown to produce a large number of environmentally relevant phenolic compounds. It has 
demonstrated that extracellular superoxide (O2
) is produced by heterotrophic bacteria that are common 
in lakes, soil, hydrothermal vents, marine sediments, estuaries and oceans. Rates of superoxide production 
normalized to the proportion of metabolically active cells vary between 0.02  0.02 amol cell−1 hour−1 
(mean ± standard error) and 19.4  5.2 amol cell−1 hour−1. Such findings provide insights into the 
mechanism of two key and yet unclear processes, including the biological degradation of particulate 
organic matter (POM) that can form dissolved organic substances, and the structural diversification of 
dissolved organic substances originated from POM such as plant material or algal biomass.  
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Various sources of superoxide by different organisms have been described in soils, sediments, 
freshwater and marine waters [1, 2]. Light-independent superoxide produced by heterotrophic bacteria 
can resolve some important issues such as the cycling of major and trace elements including mercury, 
carbon and nitrogen [1, 2], the oxidation of dissolved manganese to solid manganese oxides [2], as well as 
the degradation of dissolved organic matter (DOM) [3]. In particular, a key issue connected with 
superoxide of bacterial origin [1] is the degradation of organic matter (OM) in its dissolved and 
particulate forms. Biological formation of dissolved organic matter (DOM) including humic substances 
(allochthonous fulvic and humic acids) from particulate organic matter (POM: e.g. plant material) and 
autochthonous fulvic acid from aquatic POM (e.g. phytoplankton) is generally caused by biologically in 
soils, sediments and deeper natural water [3-6]. So the big question presently is: what is the mechanism 
for the formation of those DOM components from POM? Such important issue, which yet unclear 
processes, could be resolved by the extracellular superoxide (O2
—) produced by heterotrophic bacteria 
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which are commonly detected in lakes, soil, hydrothermal vents, marine sediments, estuaries and oceans 
[1]. Such a finding provide insights into the mechanism of biological degradation of POM and the 
structural diversification of dissolved organic substances originated from plant material or algal biomass. 
DOM produced from POM is a fundamental phenomenon in soil, sediments and water which maintain the 
microbial food webs, photoinduced processes (e.g. O2
—●
, H2O2 and HO
●
) along with reduction-oxidation 
(REDOX) reactions, global carbon cycle, nutrients cycle through degradation of its organic nitrogen or 
phosphorus , and finally a major source of energy to drive the aquatic ecosystem [4, 7, 8]. Allochthonous 
DOM originates from biological degradation of plant debris or root exudates and they includes fulvic and 
humic acids (humic substances), carbohydrates, phenols, organic acids, and so on [3-6]. Origin of 
allochthonous DOM from vascular plant materials is mostly regulated by the occurrence of three key 
factors [4]: (i) Physical functions (temperature and moisture); (ii) Chemical functions (nutrient 
availability, amount of available free oxygen and redox activity), and (iii) Microbial processes 
(microfloral succession patterns and availability of microorganisms (aerobic or anaerobic). Biological 
degradation of terrestrially derived macromolecules including lignin and cellulose has been shown to 
produce a large number of environmentally relevant phenolic compounds [3]. Allochthonous fulvic acid 
is composed of low aromaticity (17-30% of total C) and high aliphatic C (63%) with high C:N ratios (ca. 
73-78 for Suwannee River Fulvic Acid, SRFA) whilst allochthothous humic acid includes relative high 
aromaticity (30-40% of total C) and low contents of aliphatic C (~30-47%) with relatively low C:N ratios 
(ca. 44-45 for Suwannee River Humic Acid, SRHA) [4, 9]. But autochthonous fulvic acid of algal origin 
is composed of highly aliphatic in nature, low contents of aromatic carbon (ca. 5–21 % of total carbon) 
and relatively high contents of dissolved organic N compared to organic C, i.e. significantly low C:N 
atomic ratios (ca. 8–36, but lower in surface waters and higher in deeper waters) [4, 9]. 
Allochthonous DOM in soils is partly discharged through hydrological processes directly into 
streams or riverbeds or surrounding water bodies, which ultimately flux to lake or oceanic environments 
as final water reservoir. It has been demonstrated that contribution of humic substances itself to total 
DOM is 20-80% in streams or rivers, 14-90% in lakes, and 11-75% in shelf seawater [4, 9]. On the other 
hand, autochthonous DOM originates from the respiration/degradation of algae or phytoplankton which 
produces through photosynthesis in water and they includes autochthonous fulvic acids, carbohydrates, 
amino acids, organic acids, lipids, fatty acids, alcohols, algal toxins, and so on [4, 9]. The fluorescence 
(excitation-emission matrix) properties of allochthonous fulvic acid or humic acid and autochthonous 
fulvic acid are characterized by differences in peak positions and intensities (Fig. 1a-c) [4, 10, 11].  
 
Figure 1. The fluorescent components of standard Suwannee River Fulvic Acids (C-like) (a), of standard 
Suwannee River Humic Acids (C-like) (b), and of autochthonous fulvic acid (C-like) (c) under microbial 
respiration or assimilation of lake algae, identified using PARAFAC modeling on their respective EEM 
spectra. 
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Studies revealed that the two fluorescence peaks (C and A) were typically observed for standard SRFA 
(Fig. 1a) and autochthonous fulvic acids (Fig. c) of algal origin whilst at least three fluorescence peaks 
were detected at peak C-region for standard SRHA, possibly the occurrence of high aromaticity in its 
molecular structure (Fig. 1b) [4, 10-12]. 
Light-independent superoxide produced by heterotrophic bacteria [1] can provide the mechanism 
for formation of DOM from plant debris in soils or algal biomass in waters and/or sediments. Note that 
rates of superoxide production normalized to the proportion of metabolically active cells is detected to 
vary between 0.02  0.02 amol cell−1 hour−1 (mean ± standard error) and 19.4  5.2 amol cell−1 hour−1 [1]. 
Such biological formation of H2O2 subsequently could be link with dark formation of hydroxyl radical 
(HO●) in Arctic soil and surface waters [13, 14].   
The main mechanism behind the formation of DOM including allochthonous fulvic and humic 
acids from plant material in soils and sediments is most likely the reaction of superoxide and/or its related 
reactive oxygen species (ROS: H2O2 or HO
●) with sugars, starch, proteins, lignin, cellulose and other 
carbon compounds of plant or animal origin. A similar process is susceptible to form various 
autochthonous DOM components including autochthonous fulvic acid from algal biomass or 
phytoplankton in deep seawater and sediments. Involvement of extracellular superoxide produced by 
heterotrophic bacteria can be justified by the observation that aerobic microorganisms can decompose 
POM at a faster rate than anaerobic ones, depending on the availability of free oxygen [15]. Besides, the 
increase in alkyl and carboxylic C with depth are the result of biodegradation of forest litter and oxidation 
of lignin side chains, respectively [16, 17]. Note also that in aqueous systems H2O2 can produce HO
● 
through the Fenton reaction (H2O2 + M
n+ → HO• + HO— + Mn+1), which is also very effective toward the 
degradation of organic material [4, 18]. Actually, it is well known that the degradation of DOM including 
organic nitrogen and phosphorus in deep freshwater or seawater involves ROS, with eventual production 
of low molecular weight compounds, nitrate, phosphate, methane,CO2 and dissolve inorganic carbon 
(DIC: dissolved CO2, H2CO3, HCO3
, and CO3
2) [1, 2, 4, 7]. 
On the other hand, the diversification of supramolecular structures of allochthonous fulvic or 
humic acids and of autochthonous fulvic acids are familiar phenomena in the field of organic 
geochemistry. They are generally composed of a variety of functional groups such as OH (phenols, 
alcohols and carbohydrates), COOH (aromatic or aliphatic acids), as well as aldehydes (—CHO), ketones 
(C=O), ethers (R-O-R′), esters (COOR), methoxylates, and so on [4, 6, 9, 19]. Such functional groups 
may all be generated, at least in part, by the reaction of O2
 (and/or its related ROS) with the components 
of plants or algal biomass. These findings will give insight into the genesis and the molecular structure of 
allochthonous fulvic and humic acids, along with autochthonous fulvic acids. The discovery of an 
important biological source of superoxide [1] might pave the way for new research directions in the field 
of organic geochemistry in soil, sediments and deeper marine waters. Investigation on extracellular 
superoxide produced by heterotrophic bacteria along with the generation of specific DOM such as humic 
substances (fulvic and humic acids), organic acids, phenols and so on along with the autochthonous fulvic 
acids of algal origin in soils or sediments. These substances are very common and well understandable 
under biological processes (dark condition) for future research directions in this particular issue.       
 
ACKNOWLEDGEMENTS 
This study was supported by Natural Science Foundation of China (Grant no. 41021062) and University 
of Torino - EU Accelerating Grants, project TO_Call2_2012_0047. 
 
Ca 
Borderless Science Publishing                                                                                                                                   198 
 
 
Canadian Chemical Transactions Year 2015 | Volume 3 | Issue 2 | Page 195-198 
 
REFERENCES  
[1] Diaz, J. M.; Hansel, C. M.; Voelker, B. M.; Mendes, C. M.; Andeer, P. F.; T. Zhang, T. Widespread 
Production of Extracellular Superoxide by Heterotrophic Bacteria. Science 2013, 340, 1223-1226. 
[2] Shaked, Y.; Rose, A. Seas of Superoxide. Science, 2013, 340, 1176-1177. 
[3] Ward, N.D.; Keil, R. G.; Medeiros, P. M.; Brito, D. C.; Cunha, A. C; Dittmar, T.; Yager, P. L.; Krusche, A. 
V.; Richey, J. E. Degradation of terrestrially derived macromolecules in the Amazon River. Nature Geosci. 
2013, 6, 530-533. 
[4] Mostofa, K. M. G.; Yoshioka, T.; Mottaleb, M. A.; Vione, D. Photobiogeochemistry of Organic Matter: 
Principles and Practices in Water Environments. Springer, Berlin Heidelberg.; 2013. 
[5] Myneni, S. C. B.; Brown, J. T.; Martinez, G. A.; Meyer-Ilse, W. Imaging of Humic Substance 
Macromolecular Structures in Water and Soils. Science 1999, 286, 1335-1337. 
[6] Spence, A.; Simpson, A. J.; McNally, D. J.; Moran, B. W.; McCaul, M. V.; Hart, K.; Paull, B.; Kelleher B. 
P. The Degradation Characteristics of Microbial Biomass in Soil. Geochim. Cosmochim. Acta 2011, 75, 
2571-2581. 
[7] Mostofa, K. M. G.; Liu, C.-Q.; Vione, D.; Gao, K.; Ogawa, H. Sources, Factors, Mechanisms and Possible 
Solutions to Pollutants in Marine Ecosystems. Environ. Pollut. 2013, 182, 461-478. 
[8] Wetzel, R. G. Gradient-Dominated Ecosystems: Sources and Regulatory Functions of Dissolved Organic 
Matter in Freshwater Ecosystems. Hydrobiologia 1992, 229, 181-198. 
[9] Malcolm, R. Geochemistry of stream fulvic and humic substances. In Humic Substances in Soil, Sediment, 
and Water: Geochemistry, Isolation and Characterization; Aiken G. R.; McKnight, D. M.; Wershaw, R. L.: 
MacCarthy, P., (Eds); Wiley, 1985; p 181. 
[10] Parlanti, E.; Wörz, K.; Geoffroy, L. Lamotte, M. Dissolved organic matter fluorescence spectroscopy as a 
tool to estimate biological activity in a coastal zone submitted to anthropogenic inputs. Org. Geochem. 
2000, 31, 1765-1781. 
[11] Mostofa, K. M. G.; Honda, Y.; Sakugawa, H. Dynamics and Optical Nature of Fluorescent Dissolved 
Organic Matter in River Waters in Hiroshima Prefecture, Japan. Geochem. J. 2005, 39, 257-271. 
[12] Yamashita, Y.; Tanoue, E. Production of Bio-Refractory Fluorescent Dissolved Organic Matter in the 
Ocean Interior. Nature Geosci. 2008, 1, 579-582. 
[13] Page, S. E.; Kling, G. W.; Sander, M.; Harrold, K. H.; Logan, J. R.; McNeill, K.; Cory, R. M. Dark 
Formation of Hydroxyl Radical in Arctic Soil and Surface Waters. Environ. Sci. Technol. 2013, 47, 12860-
12867. 
[14] Page, S. E.; Sander, M.; Arnold, W. A.; McNeill, K. Hydroxyl Radical Formation upon Oxidation of 
Reduced Humic Acids by Oxygen in the Dark. Environ. Sci. Technol. 2012, 46, 1590-1597. 
[15] Dai, K. O.; David, M.; Vance, G. Characterization of Solid and Dissolved Carbon in a Spruce-Fir 
Spodosol. Biogeochemistry 1996, 35, 339-365. 
[16] Zech, W.; Kögel, I.; Zucker, A.; Alt, H. CP-MAS-13C-NMR-Spektren Organischer Lagen einer 
Tangelrendzina. Zeitschrift für Pflanzenernährung und Bodenkunde 1985, 148, 481-488. 
[17] Kögel-Knabner, I.; Zech, W.; Hatcher, P. G. Chemical Composition of the Organic Matter in Forest Soils: 
The Humus Layer. Zeitschrift für Pflanzenernährung und Bodenkunde 1988, 151, 331-340. 
[18] Vione, D.; Falletti, G.; Maurino, V.; Minero, C.; Pelizzetti, E.; Malandrino, M.; Ajassa, R.; Olariu, R.-I.; 
Arsene, C. Sources and Sinks of Hydroxyl Radicals Upon Irradiation of Natural Water Samples. Environ. 
Sci. Technol. 2006, 40, 3775-3781. 
[19] Steelink, C. Investigating Humic Acids in Soils. Anal. Chem. 2002, 74, 326a-333a. 
 
The authors declare no conflict of interest 
© 2015 By the Authors; Licensee Borderless Science Publishing, Canada. This is an open access article distributed under 
the terms and conditions of the Creative Commons Attribution license http://creativecommons.org/licenses/by/3.0 
